Because of the current threat of toxic chemicals and chemical warfare agents, personal protection is important for soldiers and first responders, as well as the civilian population. This paper describes the development of a cotton non-particulate nonwoven composite fabric and the evaluation of its adsorption capability for protection against toxic chemical ingress which can be harmful or lethal. In addition, this paper focuses on the evaluation of toxic chemical adsorption capabilities of various chemical protective substrates that have the potential to be used in military applications. The development of a threelayered cotton based decontamination wipe and its adsorption of 0.1 % w/v pinacolyl methylphosphonate in butanol, is presented. Adsorption is quantified using a modified gravimetric procedure developed using a thermogravimetric analyzer. The results demonstrate the adsorption performance of a new cotton-based, non-particulate flexible composite that has a high potential to be used as a portable decontamination wipe. This research is unique in the area of individual protection and addresses the requirements of the U.S. Department of Defense (DoD) for seeking and evaluating highly efficient, non-particulate, and skin-friendly materials that provide necessary chemical protection while minimizing any discomfort or irritation.
INTRODUCTION
The use of chemical and biological (ChemBio) agents against military and civilian populations, attacks using chlorine gas on the Iraqi population and coalition forces, and terrorist attacks on the United States (U.S.) and other nations have made it evident that detection and mitigation of ChemBio threats is a prioritized necessity for military, first responder, and law enforcement communities [1, 2, 3] . Recent reports from the DoD to the U.S. Congress emphasize the importance of developing new personal decontamination systems that can remove and/or destroy ChemBio agents with miminal effect on the operational capability of military personnel [4, 5, 6, 7] . There is an immediate need to develop new hazard mitigation technologies such as decontamination wipes or pads. The major challenge in toxic chemical decontamination includes the development of environmentally safe, skin-friendly, flexible, non-corrosive, self-decontaminating, nonparticulate and non-aqueous decontaminating systems, which can remove and neutralize CW agents from all surfaces and equipment. Such a system is expected to quickly and effectively remove the CW agents from the exposed surface, strongly retain the agents and their breakdown products within its structure, and not pose any secondary contamination problems. Some of the qualities that decontamination materials should possess include simplicity of use and a time-saving and relatively less cumbersome method of application [8] . Importantly, decontaminants should be portable, lightweight, and environmentally friendly and should not irritate or cause any allergic reaction on skin, eyes, or open wounds. In addition, they should be non-corrosive and applicable for cleaning military equipment that has sensitive electronic parts without hindering the equipment's performance [4, 8] .
According to Lukey et al., quick removal of an agent from the exposed skin or surface is a key factor for individual protection [9] . According to Ramkumar et al., retention of CW agent within the intricate structure of the decontaminant is highly important in order to avoid any off-gassing of toxic chemicals [10] . Such materials should not be corrosive, must not have any repulsive odor, and should be medically and environmentally safe. The next generation decontamination systems should not only provide enhanced decontamination efficiencies but should also pass the hurdles of feasibility, reliability, and consistency in quality in all aspects of production, application, and disposal.
In the case of military applications, adsorption of the toxic chemical vapors on the fabric structure is one of the fundamental and essential mechanisms for a chemically protective fabric [11] . Many protective military devices, such as antigas canisters and materials used in suits, gloves, and socks, that provide protection against hazardous CW agents, incorporate activated carbon particles within their structure [12] . Granular activated carbons (GACs) have long been used for removing pollutant vapors and other toxic gases from both indoor and outdoor environments. However, there are performance issues associated with GACs because of their lower adsorption capacities and relatively inferior adsorption kinetics [11, 13, 14, 15, 16, 17] . Due to their inherent shape and the presence of a wider distribution of pore sizes, the adsorption performance of GACs is not as efficient as some of the newer materials introduced in the activated carbon industry, such as activated carbon fabrics (ACFs) which are made out of activated carbon fibers [13, 15] . Due to non-shedding characteristics, activated carbon in the form of fabric is preferred from both, performance and logistical viewpoints. Furthermore, ACFs are known to be highly efficient as far as their adsorption potential for volatile organic compounds (VOCs), cleanliness, and ease in handling are concerned [13, 14] . Activated carbon fibers can be easily processed to make an activated carbon woven fabric or nonwoven felt. In a study conducted by Davis et al., the activated carbon nonwoven felt exhibited higher adsorption capacity as well as higher initial adsorption efficiency as compared to woven activated carbon fabrics when the chemical methyl ethyl ketone (MEK) was used to characterize its adsorption behavior [17] . When subjected to a chemical vapor challenge, the adsorption efficiency of all of such fabrics decreases with time. ACFs adsorption potential not only helps in decontamination process but also helps in trapping toxic vapors. A recent report by Wilusz, discusses the importance of Chemical/Biological (CB) protective suit material that preferentially contain activated carbon trapping any toxic vapors that may by-pass the membrane layer of a protective suit [18] . Also, Gurudatt et al. have recommended the use of activated carbon based fabric materials in the next generation armor for toxic chemicals [12] . Sawhney et. al. have invented specialty yarns and composite structures aimed at creating value-added properties to textiles. Such products can find applications in military and industrial textiles [19] .
According to Kaiser, a decontamination pad comprised of two or more layers of activated carbons can be used for CW agent decontamination. Kaiser has used a system that exhibits both absorptive and adsorptive capabilities [20] . This solvent soaked system is different from the dry absorbent-adsorbent non-particulate nonwoven wipe reported in this paper. Kaiser's decontamination wipe system is designed in such as way that the decontamination pad incorporates a combination of a knitted activated carbon layer and one or more nonwoven activated carbon (ACN) layers. These activated carbon layers are put together in such a way that one of the surfaces of the knitted activated carbon layer is in direct contact with the surface to be decontaminated and the other surface of the knitted layer is attached to the nonwoven activated carbon (ACN) layer. Furthermore, the activated carbon pads contains a non-hazardous decontamination liquid solvent, thus providing a non-specific means of decontaminating a surface, equipment, skin or open wounds. A nonaqueous organic solvent such as hydrofluoroether (HFE) dissolves the CW agents. This activated carbon adsorbent pad, soaked in a non-hazardous organic solvent that dissolves the CW agents, is sealed in a plastic packet that can be easily carried along in the field. Thus, this system, designed by Kaiser, has the ability to dissolve CW agents in a liquid solvent and adsorb the CW agents from liquid solution onto the activated carbon. However, in general, Kaiser observed that the CW agents that exhibited higher solubility in the decontamination liquids such as Du Pont corporation's Vertrel-XF and 3M company's HFE-7100, HFE7200 and HFE 7500, were difficult to remove from the solution by adsorption onto activated carbon. For example, sulfur mustard (HD), which is the least soluble among the CW agents, was observed to be adsorbed readily onto activated carbon. On other hand this was not the case for the CW agent VX which dissolved easily in the above mentioned decontamination liquids tested. Kaiser observed that although VX dissolved readily in the solvent, it surprisingly was removed by adsorption as well. In the case of CW agents such as sarin (GB) and soman (GD), no adsorptive removal was observed when the agents were dissolved in solutions such as Vertrel-XF or cyclohexyl http://www.jeffjournal.org Volume 8, Issue 1 -2013 pyrrolidone. Therefore, it is important to observe and evaluate whether there is any preferential adsorption of chemicals onto activated carbon, which is otherwise considered to be a universal adsorbent [20] . Additionally, the compatibility of the liquid solvent with sensitive equipment to be decontaminated is an important decision factor in designing a logistically enhanced decontamination system. The decontamination liquid of choice should not hinder the functional performance of the equipment. HFE was chosen by Kaiser, because it was compatible with most of the materials used in the manufacturing sensitive equipment, and toxicologically caused no irritation to the eyes or skin, and has less deleterious effects on open wounds as compared to dilute (0.5%) bleach solution [20] .
The M291 kit is a fairly recent granular carbon resin based technique used for decontaminating both Gtype nerve agents as well as VX and liquid mustard. Unlike the activated carbon fabrics that contain high surface area activated carbon fibers, the M291 kit consists of a decontamination powder in a fibrous applicator pad. This black, free-flowing powder is also called the Ambergard XE-555 resin. The decontaminating powder consists of an adsorbent resin, a hydroxylamine-containing resin, and a resin containing sulfonic acid. This mixture of resins is meant to adsorb the CW agent and neutralize it. The disadvantage of M291 kit skin decontamination powder is that precautions must be taken so that the powder is not in contact with open wounds, eyes, or mouth [15] . Unlike the M291 kit, the activated carbon nonwoven composite reported in this study does not leave particles upon wiping a surface. Moreover, for clean-up purposes, it would be advantageous to use activated carbon composite nonwoven wipe as it can take the shape of various contours and clean the surfaces without shedding particles.
Since there is an immediate need to develop nonparticulate decontamination wipe for both personal and military equipment decontamination, this paper highlights the development of cotton-activated carbon nonwoven and non-particulate decontamination wipe. Furthermore, vapor adsorption capabilities of the wipe are also presented in this paper.
MATERIALS AND MANUFACTURING
A well-integrated design of a non-particulate and non-irritant decontamination system and barrier protective and breathable chemical protective fabrics can provide necessary individual protection against toxic chemicals and chemical warfare agents. Here, the idea is to develop a cotton-based non-particulate decontamination wipe that can effectively absorb the bulk toxic chemical agent as well as retain the offgassing vapors. In order to maximize the chemical absorptive and adsorptive capabilities of the decontamination wipe and to ensure next-to-skin comfort, we designed the protective composite substrate so that the material is composed of at least three layers:
1. Top layer (cotton) 2. Middle adsorbent layer 3. Next-to-skin layer (cotton)
The manufacturing of the three layered cotton-based composite material was carried out using H1 needlepunching technology in the Nonwovens and Advanced Materials Laboratory at The Institute of Environmental and Human Health, Texas Tech University. H1 needlepunching technology from Fehrer ® , now known as Oerlikon Neumag Austria GmbH, has a contoured needle zone. This technology has been effectively used to develop value-added needlepunched nonwoven products from natural fibers and its blends [21, 22, 23].
The experimental study described in this paper focuses on quantitative comparison of adsorption potential of a nonwoven dry decontamination wipe with the M291 kit powder. A real time protocol to precisely quantify and compare the adsorption capacities of such wipe for 0.1 % w/v pinacolyl methylphosphonate (PMP) in butanol, using a thermogravimetric analyzer (TGA), is described in this study. PMP was chosen for this study, as it is a hydrolysis degradation product of CW agent Soman. Data for the vapor pressure of PMP are not available; therefore, it is important to ensure that PMP is dissolved in a higher vapor pressure solvent for generating sufficient amount of vapors. Butanol was used as a solvent for PMP because of its relatively high vapor pressure (7 mm Hg @ 25 °C) which is higher compared to other high molecular weight alcoholic solvents such as octanol and lowers than methanol or ethanol.
The adsorption capability of the three layered needlepunched composite protective material was evaluated using toxic chemical vapors. Our goal was to mainly achieve high adsorption capability within the three-layered composite fabric through the middle adsorbent activated carbon layer. In this study the middle adsorbent layer is denoted as ACN-K. The nonwoven activated carbon felt (ACN-K) sample was a novoloid (phenolic) precursor activated carbon nonwoven fabric from a well established supplier. Details of the nonwoven activated carbon are given in Table I . Bleached cotton fibers were obtained from Barnhardt Manufacturing Company. Clusters were manually removed by hand from the bale. The details of the bleached cotton used in the study are given in Tables  II and III . Bleached cotton fiber characteristics were measured using the high volume instrument (HVI). Advanced fiber information system (AFIS) test data are given in Table III The contoured needle zone H1 needlepunching machine was used for manufacturing the cotton base substrates. The needles were obtained from Foster Needle Company and the needle specs were 15x17x38x3.5 RBA F 20 6-2.3/3.1B -CON -(conical blade design). Parameters that were maintained constant throughout the needlepunching process include; needle penetration depth -7.1 mm, outlet speed -2.2 m/min, punching speed -805 strokes/min and advance per stroke -2.9 mm. The resulting needlepunched nonwoven cotton substrates that weighed 60 g/m 2 were later used as the top and next-to-skin layer of the needlepunched nonwoven composite. Thus, 100% bleached cotton nonwoven base substrates were manufactured separately to be used as top and bottom layers in the composite. Details of the bleached cotton nonwoven base substrates are give in Table IV . 
Nonwoven Composite Fabric
For the manufacturing of the composite, the nonwoven ACN-K (denoted as L 2 in Figure 1 ) was placed between the two nonwoven bleached cotton fabric layers, L 1 and L 3 , manually. The base substrate fabrics (denoted as L 1 and L 3 in Figure 1 ) constitute the top and the bottom layers of the three layered composite protective fabric, whereas the ACN-K forms the middle adsorbent layer. This arrangement of ACN-K sandwiched between two nonwoven bleached cotton fabrics was needlepunched to a single composite fabric using the contoured needlezone needlepunching machine while maintaining the same machine parameters as the base substrate. This process resulted in fiber entanglement between the nonwoven cotton fabrics (L 1 and L 3 ) and http://www.jeffjournal.org Volume 8, Issue 1 -2013 the ACN-K fabric (L 2 ). Thus the final product was a structurally, well integrated, three layered fabric material with the ACN-K layer covered by two nonwoven bleached cotton layers. A pictorial representation of the three layered composite cross section is shown in Figure 1 . where, . A small amount of the material under evaluation was placed in the sampling pan in the TGA furnace. For each experimental run, the adsorbent sample of known weight was purged at 30°C. A concentration of 99.9 % ultra high purity nitrogen gas (UHP nitrogen) was passed through the TGA system for all the experiments. Of the two N 2 gas streams controlled by separate flow controllers, one of the N 2 streams (sheath gas stream at 20 cc/min) was passed through a container filled with the solution of the toxic chemical (0.1 % w/v PMP in butanol {1 gm PMP in 1 liter butanol}) maintained at a constant room temperature, while the other (the balance purge at 45cc/min) was connected to the balance area in the top portion of the TGA. The TGA, along with the data collection software (Pyris Manager ® ) is able to precisely determine various adsorption/protection parameters, such as rate of adsorption, saturation time, adsorption capacity, and percentage weight gain [24] . Appropriate protocol and guidelines regarding the proper use of the TGA instrument have been developed to achieve precision and accuracy. 24 Here, the saturation time is recorded when there is no observed increase in the mass of the fabric sample with respect to time (i.e., the derivative of the adsorption curve is zero). We drew a tangent to the initial part of the derivative curve, which represents a significant increase in the weight of the sample under evaluation with respect to time, and a tangent to the part of the derivative curve, which essentially shows no increase in weight with respect to time. The point at which these two tangents intersect represents the time point at which there is no significant increase in the weight of the sample. The final weight of the sample was recorded at this time point. The calculation methodology to determine the saturation time and final weight of the sample is shown in Figure 2 . The difference in the weight at the saturation time and the initial weight of the sorbent sample under consideration is the maximum amount (mg) of the challenge agent the sorbent sample can hold. In each case, the sample is run for more than 800 minutes so as to observe and confirm the saturation phenomenon. Extreme care was taken so that the samples were not exposed to the atmosphere for longer period of time, and the TGA furnace was maintained at 30º C and in the "hold" position at the start and end of the experiment. The following samples were tested for their adsorption capacity:
The nonwoven activated carbon fabric (ACN-K) to be included as the middle layer of the three layered needlepunched composite fabric (CC); nonwoven needlepunched middle activated carbon fabric which was retrieved for analysis after manual separation of the top and bottom cotton layers of CC; needlepunched cotton nonwoven fabric, the base substrate, which makes the top and bottom layers (CNW); free flowing powder of the M291 kit (M291); and a representative sample of M291 kit, (i.e. it's fibrous matrix along with the powder), (M291 c+f).
RESULTS AND DISCUSSION
The adsorption capacity and weight gain (%) for the activated carbon composite and the particulate M-291 kit are reported in the paper. he adsorption capacity and overall adsorption performance of such activated carbon based materials is known to be directly correlated with their respective surface areas. 11, 13, 14 This paper reports the BET surface areas of the threelayered needlepunched cotton composite substrate (CC), nonwoven activated carbon fabric (ACN-K) before and after needlepunching and the M-291 kit powder.
Adsorption Capacity of Cotton Composites
In this study, adsorption characteristics of composite fabrics are compared with the adsorption characteristics of their parent ACN-K fabric as well as M291 kit's representative sample (fiber + powder matrix) and the free flowing powder of the M291 kit. As shown in Figure 1 , composites were made from a high surface area non-particulate nonwoven activated carbon fabric. The needlepunched composite fabric is completely a nonwoven fabric because the base substrate, as well as the activated carbon is nonwoven fabric structures. The overall adsorption capacity for the composite and the middle ACN-K http://www.jeffjournal.org Volume 8, Issue 1 -2013 layer is calculated as the weight, in milligrams, of total adsorbate adsorbed by the fabric sample divided by the weight of fabric sample, in milligrams, initially placed in the TGA. Thus, the adsorption capacity is simply the weight gained by the unit mass of the fabric at the saturation point. The % weight gain is the difference in weight of the substrate after saturation with toxic chemical as compared to the initial weight of the substrate sample.
The weight of the non-particulate cotton composite wipe, as well as the adsorbent layer of the needlepunched nonwoven composite fabric after separation of the three layers, is shown in Table V . A detailed BET surface area analysis of the substrates under consideration was carried out by Quantachrome Instruments, Boynton Beach, Florida USA, using a fully automated gas sorption analyzer for microporous materials which can gather nitrogen adsorption data at various partial pressure ranges. The values of the BET surface area for the nonwoven activated carbon, the three-layered composite, the nonwoven activated needlepunched carbon layer in the composite and the M291 kit's powder were calculated using the multi-point BET plot and are given along with their structural details and information on precursor material in Table VI . The BET surface area values are represented as a bar chart in Figure 3 . The surface area data were obtained from Quantachrome Instruments, Boynton Beach, Florida USA. The results indicate that the three-layered nonparticulate cotton fabric wipe is capable of adsorbing and retaining toxic chemical (0.1 % w/v pinacolyl methylphosphonate in butanol), up to 7.3 % of the fabric's initial weight. CW agent adsorption is attributed only to the middle ACN layer of the three layered decontamination wipe, and in the case of the M291 kit, the adsorption/neutralization of the CW agent is achieved only through the loose powder contained within the kit. Therefore, it would be fair to compare the key adsorption constituents of these two materials for their BET surface areas and adsorption capability. Quantitative comparison between the adsorption capacity of the three-layered cotton composite (CC) and the M291 kit's powder plus fiber matrix (M291 c+f) along with decontamination powder, is important to determine significant differences in the adsorption/decontamination capability of these two different decontamination systems in their entirety.
The base substrate here is needlepunched nonwoven cotton fabric. It was noted that there was essentially no change in weight for the cotton fabric (basesubstrate) for an array of chemicals (eg: butanol, toluene, PMP, etc.). The two cotton layers (basesubstrates) essentially do not adsorb the toxic chemical. The incorporation of the skin friendly cotton layers contributes to the overall weight of the composite fabric. However, the presence of the cotton layers (base substrate) does not affect the vapor adsorption capacity of the middle nonwoven activated carbon layer of the composite fabric material in a counteracting or facilitative fashion. The adsorption capacity calculations are normalized on a g/g basis and cotton layers add to the overall mass of the composite, however, one should not be misled by looking at the preliminary data to quickly conclude that the adsorption dynamics of the composite are drastically inferior to the parent ACN-K. The needlepunching process stretches the three layers of the composite fabric during the process of fiber entanglement and due to forces in the vertical and lateral direction during the manufacturing process. However, there is no loss of material reported at the manufacturing stage. As expected, weight per unit area of the activated carbon removed from the three layered needlepunched composite was less compared to the parent ACN-K sample. Therefore, the adsorption capacity of the fabric layer (CC ACN-K), manually separated (using a pair of tongs) from the three layered composite (CC) and which is responsible for adsorption of toxic chemicals, may be reported separately from the adsorption capacity of the three layered composite. This was done by taking into consideration the weight of the middle activated carbon layer removed from the three layered needlepunched composite.
Statistical Analysis
The quantitative statistical analysis for surface area categorically compares the individual surface areas of respective materials that have varying adsorption capacities. The statistical analysis software JMP IN was used for the statistical evaluation [25] . At first, the core adsorption component (middle-layer) of the non-particulate nonwoven decontamination wipe and the particulate M291 kit's powder were analyzed for any significant differences in their BET surface area values. The results indicate that the needlepunched middle nonwoven activated carbon layer (CC ACN-K) of the three layered composite exhibits a significantly higher surface area (1193.68 ± 11.66 m 2 /g) compared to the surface area of the M291 kit's powder (483.26 ± 62.56 m 2 /g) (p< 0.001; α=0.05). Where p is the probabilistic value (ranging from 0 to 1) indicating the likelihood that random sampling would lead to indicate a difference between means as large (or larger) than observed, when in fact the samples have the same overall mean value. α is the set threshold value (generally 0.05) to which the p value is compared, to make an inference weather the difference in means is statistically significant. Thus the needlepunched middle activated carbon layer of the three-layered wipe demonstrated a surface area value which was 147% higher than the surface area of the M291 kit's powder.
Additionally, further statistical evaluation was conducted to demonstrate differences in surface areas among the nonwoven activated carbon ACN-K, the three layered composite wipe CC, the middle adsorbent layer of the three-layered wipe CC ACN-K and the M291 kit's powder. To test the inequality in http://www.jeffjournal.org Volume 8, Issue 1 -2013 variances among the data-sets, Levene and Barlette tests were used. These tests were statistically significant (p > 0.05; α = 0.05), which indicates that the variances within four data sets are not unequal. Therefore, a parametric analysis of variance (ANOVA) test was used to determine any differences in mean values (p < 0.001; α=0.05), and it was followed by a pair-wise comparison using the TukeyKramer HSD test to compare the means of individual pairs, where positive values indicated a significant difference in the means. The results indicate that the BET surface area values for the parent nonwoven activated carbon (ACN-K) and the same activated carbon when placed as a middle layer (CC ACN-K) and needlepunched to form the three layered composite were significantly different. Additionally, the BET surface area value for the M291 kit's powder was significantly lower than any of the above mentioned activated carbon nonwoven materials.
Furthermore, the surface area of the three-layered decontamination wipe as a whole structure was compared to the M291 kit's powder. In this case, the weight of the cotton was also included while determining the BET surface area value of the threelayered wipe on a square meter per gram basis. The Levene and Barlette tests for equal variance were conducted again. These tests also were statistically significant (p > 0.05), which means that the variances within the data set are not unequal. A parametric one ANOVA was used for comparing the mean values for the surface areas of CC and the M291 kit's powder. Here p = 0.02 and α=0.05, which means that the surface area (622.13 ± 36.27 m 2 /g) for the threelayered needlepunched nonwoven cotton composite (CC) containing activated carbon fabric as the middle layer was greater than the surface area (483.26 ± 62.56 m 2 /g) of the M291 kit's decontamination powder by 28.74 %.
Further studies evaluated the adsorption performance of the two different decontamination systems (nonwoven non-particulate cotton composite and M291 kit) and measured differences in the key adsorption parameter (adsorption capacity). The statistical analysis compared the adsorption capacities of the nonwoven non-particulate composite wipe, the M291 kit, and the middle ACN layer of the three layered composite. Any significant differences in critical adsorption parameters for ACN-K, M291 kit's powder, M291 kit's (fiber+powder) matrix and CC ACN-K were determined by choosing appropriate test statistics while keeping in mind the nature of variances within each dataset. Levene and Barlette tests were used as reference to test the inequality of variances at α = 0.05. Here p < 0.05, which indicates that the variance within the three data sets are unequal. Therefore, an ANOVA test was used to determine differences in mean values (p < 0.001; α=0.05) followed by a Tukey-Kramer HSD test to compare the means of corresponding pairs, where positive values indicate significant differences in the means. The nonparametric version of ANOVA may also be used to verify the differences in the means.
Statistical analysis of the adsorption capacity of the parent nonwoven activated carbon (ACN-K), needlepunched activated carbon removed from the composite (CC ACN-K) and the loose reactive activated carbon particles from the M291 kit showed that the M291 kit's vapor adsorption capacity is significantly lower than those of the non-particulate activated carbon nonwoven. The adsorption capacity values for ACN-K and CC ACN-K were significantly different than the adsorption capacity value for the M291 kit's powder (p < 0.001; α=0.05). The adsorption capacity (0.156 ± 0.016 g/g) of the nonwoven activated carbon in the composite matrix (CC ACN-K) is 136.36 % more than the adsorption capacity of the M291 kits powder (0.066 ± 0.004 g/g). Further evaluation of the surface area and poresize distribution of the needlepunched ACN is required to determine any abrasive effect of the composite fabrication process. Furthermore, the two different decontamination systems in their entirety (non-particulate nonwoven cotton composite and the M291 kit) were evaluated for their adsorption capacities. The adsorption capacity of the threelayered cotton composite was compared with the overall M291 kit's fibrous material containing the decontamination powder. Levene and Barlette tests indicate that p=0.51 and 0.36 respectively, which means that the variances within the data set are not unequal. Parametric one way analysis of variance ANOVA was used for further comparison of the means. Here, p < 0.001 (p<0.05), which means that the mean adsorption capacity values are significantly different. The adsorption capacity of 0.073 ± 0.007g/g for the three-layered needlepunched nonwoven cotton composite containing activated carbon fabric was greater than the adsorption capacity (0.015 ± 0.011g/g) of the M291 kit's fiber matrix containing its decontamination powder (M291 f+c) by 386.67 %.
As discussed earlier, it is important to report any differences in the adsorption capacities between the key intrinsic adsorption component of the cotton composite (CC ACN-K Here the results indicate a much higher adsorption capacity (0.156 ± 0.016 g/g) observed with the separated middle adsorbent layer, which is the key adsorption component of the three layered cottonbased composite than that of the adsorptive free flowing power of the M291 kit (0.066 ± 0.004 g/g). Thus the nonwoven activated needlepunched carbon, which is the adsorptive layer of the cotton composite wipe, outperformed the M 291 kit's decontamination powder in its adsorption capacity value by a factor of 2.36. Also, the adsorption capacity (0.156 ± 0.016 g/g) of the middle activated carbon adsorbent layer of the three layered composite (CC) is only 13.33 % less than the adsorption capacity (0.18 ± 0.013 g/g) of the parent activated carbon fabric (ACN-K). This may be attributed to the presence of cotton fibers in the manually separated CC ACN-K layer that are indistinguishable from the carbon fibers. The coherent composite substrates have the cotton and carbon fibers interlocked with each other. The nonwoven top and bottom layers (cotton substrates) do not interfere with the overall adsorption potential of the three layered composite. However, with manual separation of the cotton layers from the highly interlocked coherent composite, there is always room for slight manual error. After manual separation of the three layers of the composite structure there may be some cotton fibers still remaining in the structure of the parent middle adsorbent ACN layer that are indistinguishable because they may have acquired the black color of the activated carbon fabrics. This explains the slight difference in the average adsorption capacities of the middle ACN layer before and after being processed to form the three layered composite.
CONCLUSIONS
To meet the decontamination challenge posed by an individual CW agent or a mixture of such toxic chemicals, it is important to use protective materials such as high surface area activated carbon fibers, which are universal adsorbents. Use of high surface area activated carbon within the intricate structure of the decontamination wipe eliminates the logistic burden posed by granular carbon, and at the same time provides enhanced adsorption capabilities and the required platform for a strong, flexible and durable fabric, when blended with protective adsorbent materials such as activated carbon fibers, can provide the necessary comfort to the skin and highly desired combination of absorptive and adsorptive properties in a decontamination system. It has been established that the needlepunching process is a very good technique to develop chemical warfare protective decontamination wipes and potentially chemical protective inner liners by blending skin friendly cotton fibers, which provide comfort properties with activated carbon fabric. Moreover, it is evident that the nonwoven activated carbon fabric is devoid of loose particles and therefore carries a high potential to effectively decontaminate sensitive areas such as eyes, open wounds and sensitive parts of military equipment.
The multilayer decontamination wipe, that has absorbent layers (e.g. cotton) on the top and the bottom with carbon in the middle, was found to adsorb toxic vapors from solution of 0.1 % w/v pinacolyl methylphosphonate in butanol, up to 7.3 % of the fabrics initial weight. The cotton based nonwoven multilayered composite provides excellent potential for use as a chemical warfare decontamination wipe. The results indicate that the adsorption capacity for the cotton composite is higher than the M291 kit's fiber and free flowing powder matrix by 386.67%. Such non-particulate materials may also serve as an inner layer for chemical and biological protective clothing.
This platform technology presents opportunity for use in both the military and homeland security markets.
